rivers act as a major global transportation network for water and solutes. Riverine continental fluxes of major elements, nutrients, and carbon phases were subsequently evaluated on a global scale (Aufdenkampe et al., 2011; Gaillardet, Dupre, Louvat, & Allegre, 1999; Gibbs, 1970; Meybeck, 1982; Meybeck, 1987; Milliman & Farnsworth, 2011; Raymond et al., 2013; Seitzinger et al., 2010; Viers, Dupré, & Gaillardet, 2009 ). Following these studies, numerous studies on smaller catchments and river systems were also carried out (e.g., Barth, Cronin, Dunlop, & Kalin, 2003; Brunet, Potot, Probst, & Probst, 2011; Daesslé, van Geldern, Orozco-Durán, & Barth, 2016; Daessle et al., 2017; Doctor et al., 2008; Flintrop et al., 1996; Grosbois, Négrel, Fouillac, & Grimaud, 2000; Kanduč, Mori, Kocman, Stibilj, & Grassa, 2012; Kanduč, Šturm, & McIntosh, 2013; Kanduč, Szramek, Ogrinc, & Walter, 2007; Lee, van Geldern, & Barth, 2017; Probst, Viville, Fritz, Ambroise, & Dambrine, 1992; Soulsby et al., 2007; Stögbauer et al., 2008; Zavadlav, Kanduč, McIntosh, & Lojen, 2013) , and most of these showed increasing conductivities and fluxes with closer proximity to confluences with larger river systems. This trend corresponds to increasing element loads further downstream and is usually related to increasing anthropogenic activities, including traffic infrastructure, settlements, and agricultural practices in the downstream sections of catchments.
Karst areas and their rivers exhibit a great challenge to the protection of freshwater resources because fast conduit flow results in low natural attenuation of anthropogenic derived contaminants (Bakalowicz, 2005) . These conduit systems make karst aquifers highly vulnerable to anthropogenic pollution, for example, by nitrate (NO − 3 ), because of the virtual absence of filter effects that are common in pore aquifers. Moreover, it is known that fertilizers can lower pH values and thus cause additional weathering that in turn should be particularly pronounced in karst that is susceptible to acidity changes (Gandois, Perrin, & Probst, 2011; Perrin, Probst, & Probst, 2008; Semhi, Amiotte-Suchet, Clauer, & Probst, 2000) .
Here, we present a small river system of 72.4-km length, the Wiesent River (Figure 1 ). Being dominated by karst lithology, it was first studied as an ideal natural laboratory for investigations of the aqueous carbon cycle in karst areas and its response to excessive FIGURE 1 Location of the study area in southern Germany, sampling points, and lithology of the Wiesent catchment. Sampling points are indicated for the Wiesent main river (numbers in circles) and tributaries (numbers in square boxes). The total area of the Wiesent catchment is 1,040 km carbon loss to the atmosphere, particularly in its source region (van Geldern, Schulte, Mader, Baier, & Barth, 2015) . The catchment is situated in a dolomite-and calcite-dominated terrain that trends towards shale and sandstone terrains in the lower reaches of the river (Figure 1 ). This allows for interpretations of spatial heterogeneity in river water chemistry, whereas sampling over a period of almost 1 year enabled temporal interpretations of seasonal variations in riverine solutes, carbon transport, CO 2 evasion, and associated changes in the carbon isotope distribution of dissolved inorganic carbon (DIC).
The objectives of this study were to assess the spatial and temporal downriver evolution of major ion chemistry in a typical karst river with the initial hypothesis of a continuous increase of solutes along the flow path of the river. In particular, we investigated if such a trend could be observed in our data set. With this in mind, we evaluate relative influences of natural versus anthropogenic impacts, together with the role of groundwater contributions along the river course. This will advance the understanding of source-related inputs while providing information on the dilution of anthropogenic and weathering inputs in space and time. Regarding the high vulnerability of karst terrains by agricultural land use and anthropogenic pollution, this is of particular interest with regard to the ecological functioning of rivers with significant proportions of limestone in their catchment lithology. 
| METHODS
Eight locations along the Wiesent River main course (sites 1 to 8 in Figure 1 ; exact Global Positioning System coordinates of sampling 1 https://land.copernicus.eu (last accessed January 17, 2018) FIGURE 2 Schematic hydrogeologic cross section of the northern Franconian Alb (modified after Apel & Büttner, 1995) . Lias, Dogger, and Malm are German regional names of Jurassic series locations are available in the Supporting Information) were sampled during eight field campaigns in February, March, April, May, July, August, September, and November 2010 in order to encompass all seasons. Additionally, the six most important tributaries were sampled (sites 9 to 14 in Figure 1 ). These tributaries were included in the regular sampling interval in April 2010 and sampled during the last six of the eight sampling campaigns. All tributaries were sampled near their confluences with the Wiesent River, with water samples collected manually from the middle of the rivers. All bottles were rinsed several times with sample water before filling. Samples destined for major ion analyses were filled without headspace in double closure 100-ml high-density polyethylene bottles with an inner stopper (product item LR100-2, Gosselin SAS, Borre, France). These were then stored in the dark and at 4°C until analysis. (Table S1 ) and its tributaries (Table   S2) Lithium (Li + ) concentrations were always below limit of quantification 4 ) with concentrations of 357 ± 7, 29.6 ± 2.7, 22.7 ± 1.6, and 15.8 ± 1.5 mg/L, respectively. Interestingly, FIGURE 4 Major ion chemistry, electric conductivity, and temperature along the Wiesent River. Additional data (pH, O 2 , environmental isotopes, discharge, and precipitation) are available from the Supporting Information for this article and from van Geldern et al. (2015) the downstream behaviour revealed different patterns for these anions. NO (Table S2) .
| Geological and anthropogenic controls
The downstream evolution of the parameters discussed above indicates that groundwater is one of the major contributors to the Wiesent River and its tributaries (Figure 4) . The expectation is that groundwater On the other hand, contributions of tributaries that drain a similar lithology as the Wiesent River are harder to detect by changes in aquatic chemistry and natural environmental tracers (Clark & Fritz, 1997; Cook & Herczeg, 2000 (Meybeck, 1987) . Other potential natural sources of Ca 2+ are gypsum or the silicate weathering of Ca-bearing minerals such as anorthite (Berner, Lasaga, & Garrels, 1983; Meybeck, 1987 (Atkinson, 1977; Ford & Williams, 1989 Goldscheider & Drew, 2007; Kiraly, 1998; White, 1988) However, particularly in karst systems, virtually unfiltered anthropogenic influences may directly enter the source and the river via the fast conduit and the slower diffusive flow systems (Atkinson, 1977; Ford & Williams, 2007) .
As opposed to the expected trend of increasing NO (Figure 1 ) that slows or hampers groundwater-related transport to the river. During large precipitation events, solutes can be mobilized and transported to the river course quickly by overland flow and shallow soil flow paths, but short transit times along these paths limit the interaction between low-mineralized rainwater and soil. High discharge is therefore often characterized by lower concentrations of dissolved substances (Bukaveckas, 2010) .
Such patterns can be identified in our data set, for example, during the sampling campaigns in March, August, and November (Figure 4 ). These sampling campaigns were conducted shortly after precipitation events (see above) and are characterized by low EC values.
As for other anthropogenic parameters, road salt and domestic sewage are a primary source of Na + and especially Cl − (Liu, Lang, Satake, Wu, & Li, 2008; Sun et al., 2014) because natural sources, such as evaporite dissolution or atmospheric sea salt deposition (Meybeck, 1987 ) is unlikely in the study area. Increases in Na + or Cl − concentrations were not observed at the source during colder periods. This could indicate that either they were dampened in the large feeding karst reservoir or that road salting had only a minor influence on the river water chemistry. Because both Cl − and Na + showed no distinct seasonality over the entire course or the river, a pronounced influence of this source is likely minor in this catchment. It is more likely that these elements reach the river via agricultural activities that are more dominant in the source region, as previously stated. At this juncture, it is unclear why both Cl − and Na + show significant increases from the spring to the second sampling station (site 2, Wiesentfels), although this trend may be related to the presence of point sources such as sewage discharge or livestock waste from farms (Kelly, Panno, & Hackley, 2012; Mullaney, Lorenz, & Arntson, 2009 ).
Cl − was also found to be in excess of Na + and K + and their inclusion in a cation-anion plot does not follow a 1:1 ratio (Figure 6b ).
The Cl − excess could in part be balanced by excess Ca 2+ and Mg 2+ that does not account for carbonate weathering. When assuming that this cation excess stems from fertilizer use in the upstream part of the catchment, it supports the hypothesis that fertilizers are more pronounced in upstream river sections and may have entered the river via diffusive flow in the present karst system (Huebsch et al., 2014) . released from weathering processes in the clay-rich shale formations in the eastern subcatchments and discharged into the main river stem via tributaries. These and other mechanisms of tributary influences are discussed below.
| Downstream geochemical evolution
After setting of the initial values for physicochemical parameters at the source, many parameters show changes along the river course. This may be either related to processes that occur within the main river itself such as seasonal temperature changes or is due to the inflow and mixing of waters from different sources (Allan & Castillo, 2007; Likens, 2010 ).
An important question in river research is the interaction between river water and surface water within the hyporheic and riparian zones along the river course (Kanduč et al., 2012 Krause, Boano, Cuthbert, Fleckenstein, & Lewandowski, 2014; Krause, Hannah, & Fleckenstein, 2009) . Depending on the hydraulic system, the river can lose water to groundwater via outflow through the riverbed (Engelhardt et al., 2014; Winter, Harvey, Franke, & Alley, 1998) . This situation is denoted as a losing stream. Alternatively, water from the riparian zone can feed the river, which is denoted as a gaining steam.
Different environmental tracers, for example, temperature, stable isotopes, or wastewater-related pollutants, have been used to investigate these interactions in detail (Engelhardt et al., 2014; Fox, Laube, Schmidt, Fleckenstein, & Arnon, 2016) . Furthermore, tributaries with differing water chemistry that mix with the main river course can also induce changes in water chemistry when these differences and fluxes are large enough to cause a measurable shift (Perrin, Jeannin, & Cornaton, 2007; Torres, Baronas, Clark, Feakins, & West, 2017) . (Sun et al., 2014) .
Both minerals are present in the Lower and Middle Jurrasic formations (Krumbeck, 1956; Schröder, 1968) , and pyrite is especially abundant in the thick claystone sequence of the Amaltheenton and Opalinuston formations that cover large areas of the eastern subcatchments (Wippern, 1955) . The principles of pyrite oxidation follow a sequence of reactions that involve microbiologically mediated and oxic decomposition of pyrite followed by an anoxic decomposition of pyrite by ferric iron (Evangelou, 1995; Lowson, 1982) . The overall stoichiometry is represented by
Pyrite weathering reactions release acidity and result in low pH values. However, low pH values were neither observed in the Wiesent nor in any of the tributaries (cf . Tables S1 and S2 and van Geldern et al., 2015) . This absence of an expected pH decrease could be explained by the presence of up to 10% carbonates in the claystones (Schröder, 1968) . This means that acidity derived from 4 . However, the data suggest that both ions were mobilized within the soil zone and flushed out, with increased concentrations along the eastern tributaries into the Wiesent River during precipitation events .
| CONCLUSIONS
The Wiesent River has an unusual chemical downriver evolution, particularly for solutes that are often derived from agricultural fertilizers.
Although increased anthropogenic activities normally occur in the downriver sections of the catchment, an unexpectedly stronger fertilizer-derived signal (particularly NO light stable isotope analyses of the elements C, H, O, N, and S (e.g., Amiri, Zare, & Widory, 2015; Bateman & Kelly, 2007; Liu et al., 2008; Michalski, Böhlke, & Thiemens, 2004; Michalski, Kolanowski, & Riha, 2015; Widory et al., 2013) . In addition, future studies should include ecological indicators that may be more sensitive to fertilizer input, such as counts of specific organisms and quantification of sediment loads.
Overall, our findings indicate that bedrock geology remains the dominant control on the major ion chemistry of the Wiesent River and that agricultural influences are the strongest near the headwaters despite increased land use further downstream, due to long-term storage and accumulation in karst aquifers. This feature may not be unique to the Wiesent River system, and subsequent work in other river systems could establish whether such patterns are ubiquitous worldwide.
Carbonate outcrops for Europe and the entire world are estimated with 22% and 13%, respectively (Hollingsworth, 2009; Williams & Fong, 2010; Williams & Ford, 2006) , illustrating the global significance of karst. In karst regions, the source spring is the most important locale to obtain information about the functioning of the entire watershed system (Bakalowicz, 2005) . Understanding the hydrochemical pattern of rivers from their sources to lower reaches will facilitate freshwater security, ecosystem health, and the sustainability of drinking water resources. 
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